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Controlling quantum transport through a single molecule
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We investigate multi-terminal quantum transport through single monocyclic aromatic annulene
molecules, and their derivatives, using the nonequilibrium Green function approach in the self-
consistent Hartree-Fock approximation. A new device concept, the Quantum Interference Effect
Transistor (QuIET) is proposed, exploiting perfect destructive interference stemming from molecular
symmetry, and controlling current flow by introducing decoherence and/or elastic scattering that
break the symmetry. This approach overcomes the fundamental problems of power dissipation and
environmental sensitivity that beset many nanoscale device proposals.
PACS numbers: 85.65.+h, 73.63.-b, 31.15.Ne, 03.65.Yz
From the vacuum tube to the modern CMOS transis-
tor, devices which control the flow of electrical current
by modulating an electron energy barrier are ubiquitous
in electronics. In this paradigm, a minimum energy of
kBT must be dissipated to switch the current “on” and
“off,” necessitating incredible power dissipation at device
densities approaching the atomic limit [1]. A possible
alternative is to control electron flow using quantum in-
terference [2, 3, 4, 5]. In mesoscopic devices, quantum
interference is typically tuned via the Aharanov-Bohm
effect [6]; however, in nanoscale conductors such as sin-
gle molecules, this is impractical due to the enormous
magnetic fields required to produce a phase shift of order
one radian. Similarly, a device based on an electrostatic
phase shift [3, 4] would, in small molecules, require volt-
ages incompatible with structural stability. We propose a
solution exploiting perfect destructive interference stem-
ming from molecular symmetry, and controlling quantum
transport by introducing decoherence or scattering from
a third lead.
As daunting as the fundamental problem of the switch-
ing mechanism, is the practical problem of nanofabrica-
tion [1]. In this respect, single molecules have a distinct
advantage over other types of nanostructures, in that
large numbers of identical devices can be readily synthe-
sized. Single-molecule devices with two leads have been
fabricated by a number of techniques [7]. Our transistor
requires a third terminal coupled locally to the molecule,
capacitively or via tunneling (see Fig. 1). To date, only
global gating of single-molecule devices has been achieved
[7]; recently, however, there has been significant progress
toward a locally coupled third terminal [8].
This Letter reports the results of our recent theoreti-
cal investigations into the use of interference effects to
create molecular transistors, leading to a new device
concept, which we call the Quantum Interference Ef-
fect Transistor (QuIET). We demonstrate that for all
monocyclic aromatic annulenes, particular two-terminal
configurations exist in which destructive interference
blocks current flow, and that transistor behavior can be
achieved by supplying tunable decoherence or scatter-
ing at a third site. We also propose a realistic model
for introducing scattering in a controllable way, using an
alkene chain of arbitrary length (cf. Fig. 1). Finally, we
present nonequilibrium Green function (NEGF) calcula-
tions within the self-consistent Hartree-Fock approxima-
tion, indicating that the QuIET functions at room tem-
perature with a current-voltage characteristic strikingly
similar to macroscale transistors.
The Hamiltonian of the system can be written as the
sum of three terms: H = Hmol +Hl +Htun. The first is
the π-electron molecular Hamiltonian
Hmol =
∑
nσ
εnd
†
nσdnσ −
∑
〈nm〉σ
(
tnmd
†
nσdmσ +H.c.
)
+
∑
nm
Unm
2
QnQm, (1)
where d†nσ creates an electron of spin σ in the π-orbital
of the nth carbon atom, εn are the orbital energies, and
〈 〉 indicates a sum over nearest neighbors. The tight-
FIG. 1: Artist’s conception of a Quantum Interference Effect
Transistor (QuIET). The colored spheres represent individual
carbon (green), hydrogen (purple), and sulfur (yellow) atoms,
while the three gold structures represent the metallic contacts.
A voltage applied to the leftmost contact regulates the flow
of current between the other two.
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FIG. 2: Schematic diagram of a QuIET based on benzene.
Here Γ1,2 are the coupling strengths of metallic leads 1 and
2, connected in the meta orientation, to the corresponding pi-
orbitals of benzene. Σ˜3, determined by a control variable x,
is the retarded self-energy induced by lead 3. The real part
of Σ˜3 introduces elastic scattering, while the imaginary part
introduces decoherence.
binding hopping matrix elements tnm = 2.2eV, 2.6eV,
or 2.4eV for orbitals connected by a single bond, double
bond, or within an aromatic ring, respectively. The final
term of Eq. (1) contains intra- and intersite Coulomb in-
teractions, as well as the electrostatic effects of the leads.
The interaction energies are given by the Ohno parame-
terization [9, 10]:
Unm =
11.13eV√
1 + .6117
(
Rnm/A˚
)2 , (2)
where Rnm is the distance between orbitals n and m.
Qn =
∑
σ d
†
nσdnσ−
∑
α CnαVα/e−1 is an effective charge
operator [11] for orbital n, where the second term repre-
sents a polarization charge. Here Cnα is the capacitance
between orbital n and lead α, chosen consistent with the
interaction energies of Eq. (2) and the geometry of the
device, and Vα is the voltage on lead α. e is the magni-
tude of the electron charge.
Each metal lead α possesses a continuum of states, and
their total Hamiltonian is
Hl =
∑
α
∑
k∈α
σ
ǫkc
†
kσckσ, (3)
where ǫk are the energies of the single-particle levels in
the leads, and c†kσ is an electron creation operator. Tun-
neling between molecule and leads is provided by the final
term of the Hamiltonian,
Htun =
∑
〈nα〉
∑
k∈α
σ
(
Vnkd
†
nσckσ +H.c.
)
, (4)
where Vnk are the tunneling matrix elements from a level
k within lead α to the nearby site n. Coupling of the leads
to the molecule via molecular chains, as may be desirable
for fabrication purposes, can be included in the effective
Vnk, as can the effect of substituents (e.g., thiol groups)
used to bond the leads to the molecule [12, 13].
We use the NEGF approach [14, 15] to describe trans-
port in this open quantum system. Given the re-
tarded Green function of the isolated molecular system
Gmol(E) = (E −Hmol + i0
+)
−1
, Dyson’s equation
G(E) =
[
G−1mol(E)− Σ(E)
]−1
(5)
gives the Green function of the full system. The QuIET
is intended for use at room temperature and above, and
operates in a voltage regime where there are no unpaired
electrons in the molecule. Thus lead-lead and lead-
molecule correlations, such as the Kondo effect, do not
play an important role. Electron-electron interactions
may therefore be included via the self-consistent Hartree-
Fock method [16]. Hmol is replaced by the corresponding
mean-field Hamiltonian HHFmol , which is quadratic in elec-
tron creation and annihilation operators, and contains
long-range hopping. Within mean-field theory, the re-
tarded self-energy due to the leads is
Σnσ,mσ′(E) = −
i
2
δnmδσσ′
∑
〈aα〉
Γα(E)δna, (6)
where Γα(E) = 2π
∑
k∈α |Vnk|
2δ (E − ǫk) is the Fermi’s
Golden Rule tunneling width. As a result, the molecu-
lar density of states changes from a discrete spectrum of
delta functions to a continuous, width-broadened distri-
bution. We take the broad-band limit [14], treating Γα
as constants characterizing the coupling of the leads to
the molecule. Typical estimates [13] using the method
of Ref. [17] yield Γα <∼ 0.5eV, but values as large as 1eV
have been suggested [12].
The effective hopping and orbital energies in HHFmol de-
pend on the equal-time correlation functions, which are
found in the NEGF approach to be
〈d†nσdmσ〉 =
∑
〈aα〉
Γα
2π
∫ ∞
−∞
dE Gnσ,aσ(E)G
∗
aσ,mσ(E)fα(E),
(7)
where fα(E) = {1 + exp[(E − µα)/kBT ]}
−1 is the Fermi
function for lead α. Finally, the Green function is deter-
mined by iterating the self-consistent loop, Eqs. (5)–(7).
The current in lead α is given by the multi-terminal
current formula [18]
Iα =
2e
h
∑
β
∫ ∞
−∞
dE Tβα(E) [fβ(E)− fα(E)] , (8)
where Tβα(E) = ΓβΓα|Gba(E)|
2 is the tranmission prob-
ability [15] from lead α to lead β, and a (b) is the orbital
coupled to lead α (β).
The QuIET exploits quantum interference stemming
from the symmetry of monocyclic aromatic annulenes,
such as benzene. Quantum transport through single ben-
zene molecules with two metallic leads connected in the
para orientation has been the subject of extensive ex-
perimental and theoretical investigation [7]; however, a
3(a)
(b)
(c)
FIG. 3: Effective transmission probability T˜12 of the device
shown in Fig. 2, at room temperature, with Γ1 = 1.2eV and
Γ2 = .48eV: (a) Σ˜3 = 0; (b) Σ˜3 = −iΓ3/2, where Γ3 = 0 in
the lowest curve and increases by .24eV in each successive one;
(c) Σ˜3 is given by Eq. (10) with a single resonance, εν = εF
and tν = 1eV.
QuIET based on benzene requires the source (1) and
drain (2) to be connected in a meta orientation, as illus-
trated in Fig. 2. An electron propagating between leads
1 and 2 takes all possible paths within the molecule. In
the absence of a third lead (Σ˜3 = 0), these paths all lie
within the benzene ring. In linear response, and with
no net charge transfer between molecule and leads, each
electron injected into the molecule has momentum given
by its Fermi wavenumber, kF = π/2d, where d = 1.397A˚
is the intersite spacing of benzene. The phase differ-
ence between the two most direct paths through the ring
is π, and they interfere destructively. Similarly, all of
the paths through the ring cancel exactly in a pairwise
fashion. It is a consequence of Luttinger’s Theorem [19]
that this coherent suppression of current is not altered
by electron-electron interactions.
Figure 3a shows the transmission probability T12 of
the device shown in Fig. 2 for Σ˜3(E) = 0, illustrating the
total current suppression at the Fermi energy (see also
Fig. 3b, lowest curve). This suppression can be lifted by
introducing decoherence or elastic scattering that break
the molecular symmetry. Figures 3b and c illustrate the
effect of attaching a third lead to the molecule as shown
in Fig. 2, introducing a complex self-energy Σ˜3(E) on the
π-orbital adjacent to that connected to lead 2.
An imaginary self-energy Σ˜3 = −iΓ3/2 corresponds
to coupling a third metallic lead directly to the ben-
zene molecule. If the third lead functions as an infinite-
impedance voltage probe, the effective two-terminal
transmission is [20]
T˜12 = T12 +
T13T32
T13 + T32
. (9)
The third lead introduces decoherence [20] and additional
paths that are not cancelled, thus allowing current to
flow, as shown in Fig. 3b. As a proof of principle, a
QuIET could be constructed using a scanning tunneling
microscope tip as the third lead, with tunneling coupling
Γ3(x) to the appropriate π-orbital of the benzene ring,
the control variable x being the piezo-voltage controlling
the tip-molecule distance.
By contrast, a real self-energy Σ˜3 introduces elastic
scattering, which can also break the molecular symmetry.
This can be achieved by attaching a second molecule to
the benzene ring, for example an alkene chain (cf. Fig. 1).
The retarded self-energy due to the presence of a second
molecule is
Σ˜3(E) =
∑
ν
|tν |
2
E − εν + i0+
, (10)
where εν is the energy of the νth molecular orbital of the
second molecule, and tν is the hopping integral coupling
this orbital with the indicated site of benzene. The side-
group introduces Fano antiresonances [21], which block
current through one arm of the annulene, thus lifting the
destructive interference. Put another way, the second
molecule’s orbitals hybridize with those of the annulene,
and a state that connects leads 1 and 2 is created in the
gap (see Fig. 3c). Shifting εν by gating the sidegroup
then yields transistor action.
Tunable current suppression occurs over a broad en-
ergy range, as shown in Fig. 3b; the QuIET functions
with any metallic leads whose work function lies within
the annulene gap. Fortunately, this is the case for many
bulk metals, among them palladium, iridium, platinum,
and gold [16]. Appropriately doped semiconductor elec-
trodes [8] could also be used.
In Fig. 4, the I–V characteristic of a QuIET based
on sulfonated vinyl benzene is shown, whose molecular
structure is given in Fig. 1. The three metallic electrodes
were taken as bulk gold, with Γ1 = Γ2 = 1eV, while
Γ3 = .0024eV, so that the coupling of the third elec-
trode to the alkene sidegroup is primarily electrostatic.
The device characteristic resembles that of a macroscopic
transistor. As the voltage on lead 3 is increased, the anti-
bonding orbital of the alkene sidegroup comes into reso-
nance with the Fermi energies of leads 1 and 2, leading to
a broad peak in the current. For Γ1,2 ≫ Γ3 6= 0, the de-
vice amplifies the current in the third lead (dotted curve),
emulating a bipolar junction transistor. For Γ3 = 0, the
calculated current I1 is almost identical to that shown in
Fig. 4, and the device acts like a field effect transistor.
4FIG. 4: I–V characteristic of the QuIET shown in Fig. 1 at
room temperature. The current in lead 1 is shown, where
Vαβ = Vα−Vβ. Here, Γ1 = Γ2 =1eV. Γ3 is taken as .0024eV,
which allows a small current in the third lead, so that the
device amplifies current. A field-effect device with almost
identical I–V can be achieved by taking Γ3 = 0. The curve
for I3 is for the case of 1.00V bias voltage; I3 for other biases
look similar.
Alkene chains containing 4 and 6 carbon atoms were also
studied, yielding devices with characteristics similar to
that shown in Fig. 4, with the maximum current I1 shift-
ing to smaller values of V32 with increasing chain length.
As evidence that the transistor behavior shown in Fig. 4
is due to the tunable interference mechanism discussed
above, we point out that if hopping between the benzene
ring and the alkene sidegroup is set to zero, so that the
coupling of the sidegroup to benzene is purely electro-
static, almost no current flows between leads 1 and 2.
Operation of the QuIET does not depend sensitively
on the magnitude of the lead-molecule coupling Γ¯ =
Γ1Γ2/(Γ1+Γ2). The current through the device decreases
with decreasing Γ¯, but aside from that, the device char-
acteristic was found to be qualitatively similar when Γ¯
was varied over one order of magnitude.
The QuIET mechanism applies to any monocyclic aro-
matic annulene with leads 1 and 2 positioned so the two
most direct paths have a phase difference of π. Further-
more, larger molecules have other possible lead configu-
rations, based on phase differences of 3π, 5π, etc. Figure
5 shows the lead configurations for a QuIET based on
[18]-annulene.
The position of the third lead affects the degree to
which destructive interference is suppressed. For ben-
zene, the most effective location for the third lead is
shown in Figs. 1 and 2. It may also be placed at the site
immediately between leads 1 and 2, but the transistor
effect is somewhat reduced, since coupling to the charge
carriers is less. The third, three-fold symmetric configu-
ration of leads completely decouples the third lead from
electrons travelling between the first two leads. For each
monocyclic aromatic annulene, one three-fold symmetric
lead configuration exists, yielding no transistor behavior.
The QuIET’s operating mechanism, tunably coherent
current suppression, occurs over a broad energy range
(a) (b) (c) (d)
FIG. 5: Source-drain lead configurations possible in a QuIET
based on [18]-annulene. The bold lines represent the posi-
tioning of the two leads. Each of the four arrangements has
a different phase difference associated with it: (a) pi; (b) 3pi;
(c) 5pi; and (d) 7pi.
within the gap of each monocyclic aromatic annulene; it
is thus a very robust effect, insensitive to moderate fluc-
tuations of the electrical environment of the molecule.
Although based on an entirely different, quantum me-
chanical, switching mechanism, the QuIET nonetheless
reproduces the functionality of macroscopic transistors
on the scale of a single molecule.
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